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ABSTRACT
This paper presents the results of an experimental investigation on square and circularized
square reinforced concrete (RC) columns intermittently wrapped with carbon fibre reinforced
polymer (CFRP) under different loading conditions. Twelve RC specimens consisting of eight
square RC specimens with 150 mm x 150 mm cross-section and 800 mm height and four
circularized square RC specimens with 212 mm diameter and 800 height were tested under
concentric axial load, eccentric axial load and four-point flexural load. The test results showed
that intermittent wrapping increased the strength and ductility of square RC specimens. The
test results also showed that circularization combined with intermittent wrapping significantly
improved the strength and ductility of square RC specimens. The experimental axial loadbending moment interaction diagram showed that the best performance was achieved by
intermittently CFRP wrapped circularized square RC specimens.
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1. Introduction
The use of fibre reinforced polymer (FRP) in strengthening existing deficient RC structures
has been gaining increasing popularly in the construction industry (Durucan and Anıl, 2017;
Oller, Cobo, & Marí, 2011; Shannag, Al-Akhras, & Mahdawi, 2014). The popularity of FRP
is due to its advantageous characteristics such as high tensile strength, lightweight, resistance
to corrosion and ease of construction (La Malfa Ribolla et al., 2018; Sasmal, Khatri, &
Karusala, 2015; Shannag, et al., 2014). The FRP has been successfully applied for
strengthening RC columns (Z. Wu, Zhang, & Karbhari, 2010; Zou and Hong, 2011).
Wrapping concrete columns with FRP in the transverse direction brings the concrete to a
state of tri-axial stress, which results in a significant increase in the strength and ductility of
the columns (Lam and Teng, 2003; Tao, Yu, & Zhong, 2008; Zou and Hong, 2011). A large
number of research studies were carried out to investigate the confinement mechanics and
stress-strain behaviour of FRP wrapped columns. However, most of the available studies on
FRP wrapping were conducted on columns with full wrapping (Erdogan, Zohrevand, &
Mirmiran, 2013; Hadi, 2006; Jiang and Teng, 2013; Lam and Teng, 2003; Tan, 2002; Teng and
Lam, 2002; Wang and Wu, 2008; Y. Wu and Zhou, 2010). Several studies were carried out to
investigate the behaviour of intermittently FRP wrapped columns (Barros and Ferreira, 2008;
Colomb, Tobbi, Ferrier, & Hamelin, 2008; Dong, Wang, & Guan, 2013; Hassan, Hodhod,
Hilal, & Bahnasaway, 2017; Hodhod, Hassan, Hilal, & Bahnasawy, 2005; Maaddawy, 2009;
Mai, Sheikh, & Hadi, 2018; Park, Na, Chung, & Feng, 2008; Pham, Hadi, & Youssef, 2015;
Triantafyllou, Rousakis, & Karabinis, 2015). Intermittent wrapping has attracted research
attention in recent years due to its advantageous features over full wrapping. The advantageous
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features of intermittent wrapping compared to full wrapping include the possibility of
preventing the existence of air-voids between the concrete surface and the FRP (Park, et al.,
2008), less consumption of FRP and adhesive (Triantafyllou, et al., 2015) and the ease of
construction (Park, et al., 2008). However, ACI 440.2R-17 (2017) has not yet specified any
guidelines for the use of intermittent wrapping in strengthening compression members because
of the availability of inadequate research investigations on columns with intermittent wrapping.
Meanwhile, FIB Bulletin 14 (2001) suggested a confinement effectiveness coefficient for the
intermittent wrapping. In FIB Bulletin 14 (2001), the confinement effectiveness coefficient
considers the reduction in the lateral confining pressure of intermittent wrapping compared to
full wrapping. It is noted that confinement effectiveness coefficient was initially proposed by
Mander, Priestley, & Park (1988) to calculate the effective lateral confining pressure of steel
ties.
The confinement effectiveness of FRP is significantly influenced by the geometry of the
cross-section. The level of the confinement effectiveness of columns with square or rectangular
cross-section is much lower than the level of the confinement effectiveness of columns with
circular cross-section (Al-Salloum, 2007; Wang and Wu, 2008; Yang, Wei, Nanni, & Dharani,
2004). This is due to the non-uniform distribution of the confining pressure on columns with
square or rectangular cross-section compared to the uniform distribution of the confining
pressure on columns with circular cross-section (Teng and Lam, 2002; Wang and Wu, 2008;
Yang, et al., 2004). It is noted that most of the RC building columns in practice have square or
rectangular cross-section (Kim, Yi, Lee, Park, & Kim, 2003; Tao, et al., 2008). For
strengthening deficient square columns, intermittent wrapping could be an efficient and
effective solution if the columns require a moderate improvement in the strength and ductility
(Zeng, Guo, Gao, Li, & Xie, 2017). Several studies investigated the behaviour of intermittently
FRP wrapped square columns (Hodhod, et al., 2005; Maaddawy, 2009; Mostofinejad and Ilia,
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2014; Triantafyllou, et al., 2015; Zeng, et al., 2017). It was found that intermittent wrapping
improved the strength and ductility of square columns (Hodhod, et al., 2005; Maaddawy, 2009;
Triantafyllou, et al., 2015). However, the improvement in the strength of the square columns
with intermittent wrapping was limited due to the non-uniform distribution of the lateral
confining pressure on columns with square cross-section. Therefore, to increase the
confinement effectiveness of intermittent wrapping of square columns, a few techniques were
proposed including rounding the sharp corners, applying local reinforcement at the corners,
using corner strip-batten wrapping and changing the square cross-section to a circular crosssection.
Rounding the sharp corners of square columns was proven to be an effective technique to
increase the confinement effectiveness of full wrapping (Al-Salloum, 2007; Mostofinejad,
Moshiri, & Mortazavi, 2015; Wang and Wu, 2008; Yang, et al., 2004). It was also reported that
the increase in the corner radii was directly proportional to the strength gained of fully FRP
wrapped square columns (Wang and Wu, 2008). Therefore, rounding the sharp corners was
successfully applied for most of the available studies on intermittently FRP wrapped square
columns (Hodhod, et al., 2005; Maaddawy, 2009; Triantafyllou, et al., 2015). However, the
corner radius is usually limited to a small value because of the presence of internal steel
reinforcement (Teng and Lam, 2002). Accordingly, the detrimental effect due to the stress
concentration still remains in square columns leading to a limited confinement effectiveness
generated by intermittent wrapping.
Another effective technique used to increase the confinement effectiveness of intermittent
wrapping of square columns is the local reinforcement at the corners. This technique was
implemented by fixing the FRP strips at the corners of square columns prior to the application
of intermittent wrapping (Campione, 2006; Mostofinejad and Ilia, 2014). It was reported that
local reinforcement alleviated the stress concentration at the corners of square columns, which
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postponed the premature rupture of FRP at the corners and increased the confinement
effectiveness of intermittent wrapping (Campione, 2006; Mostofinejad and Ilia, 2014).
However, FRP strips at the corners do not fully eliminate the stress concentration at the corners
of intermittently FRP wrapped square columns due to the curvature of FRP strip at the corners
of square columns.
The application of corner strip-batten wrapping is considered an effective technique to
increase the confinement effectiveness of intermittent wrapping (Saljoughian and
Mostofinejad, 2016a, 2016b). Saljoughian and Mostofinejad (2016a, 2016b) wrapped eight
separate strips around the circumstance of square columns. Four out of the eight FRP strips
used as corner strips were horizontally wrapped at the corners and the other four FRP strips
used as battens were horizontally wrapped at the four flat sides of the square columns. Both
ends of the FRP battens were bonded to two corner FRP strips at two overlapping zones. The
corner strips combined with the battens worked as intermittent wrapping. It was found that the
improvement in the strength and ductility due to the corner strip-batten wrapping was higher
than the improvement in the strength and ductility of the conventional intermittent wrapping.
Similar to the local reinforcement technique, the corner strip-batten wrapping does not fully
eliminate the stress concentration at the corners of intermittently FRP wrapped square columns.
In addition, the use of local reinforcement and corner strip-batten wrapping on site can be a
complicated process (Saljoughian and Mostofinejad, 2016b). Therefore, changing the square
columns to circular columns (shape modification) before applying the intermittent wrapping
may be considered as an appropriate technique for the efficient use of CFRP strips.
The concept of shape modification was initially proposed by Priestley, Seible, Xiao, &
Verma (1994). In Priestley, et al. (1994), rectangular columns were bonded with precast
concrete bolsters to obtain elliptical columns. Thereafter, the performance of FRP wrapped
circularized square columns (square cross-section modified to circular cross-section) was
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investigated in several research studies (Hadi, Jameel, & Sheikh, 2017; Hadi, Pham, & Lei,
2013; Jameel, Sheikh, & Hadi, 2017; Kim, et al., 2003; Pham, Doan, & Hadi, 2013; Youssf,
Hassanli, & Mills, 2017; Zeng, et al., 2017). It was reported that the circularization led to a
substantial improvement in the strength and ductility of the columns due to the elimination of
the stress-concentration at the corners. However, most of the available studies investigated the
performance of circularized square concrete cylinders (Jameel, et al., 2017; Kim, et al., 2003;
Youssf, et al., 2017), circularized square columns (columns without steel reinforcement) (Zeng,
et al., 2017) or circularized square RC columns (Hadi, et al., 2017; Hadi, et al., 2013; Pham, et
al., 2013) with full wrapping. Only one study investigated the performance of circularized
square columns (columns without steel reinforcement) (Zeng, et al., 2017) with intermittent
wrapping in which the columns were subjected to only concentric axial loads. It is noted that,
in practice, RC columns are usually subjected to eccentric axial loads due to the position of the
columns in the structure or unintentional eccentric axial loads. The above literature review
shows that no study yet investigated the behaviour of intermittently FRP wrapped circularized
square RC columns under concentric axial load and eccentric axial loads.
This experimental study investigates the performance of intermittently CFRP wrapped
square and circularized square RC columns under different loading conditions. Twelve RC
specimens including eight square RC specimens and four circularized square RC specimens
were tested under concentric axial load, eccentric axial load and four-point flexural load.

2. Experimental Program
2.1. Test Specimens
In this study, 12 RC specimens including eight square RC specimens and four circularized
square RC specimens were prepared and tested. The dimensions of the square RC specimens
were 150 mm x 150 mm cross-section and 800 mm height. The dimensions of the square RC
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specimens after circularization (circularized square RC specimens) were 212 mm diameter and
800 mm height. The dimensions of the test specimens were chosen to simulate the behaviour
of a short column and to suit the capacity of the 5000 kN Denison Compression Testing
Machine (DCTM) in the Structural Engineering Laboratory at the University of Wollongong,
Australia.
All specimens were longitudinally reinforced with four 12 mm diameter deformed steel
(N12) bars and transversely reinforced with ten 6 mm diameter plain steel (R6) bars having 80
mm centre-to-centre spacing. A clear concrete cover of 20 mm was maintained at the top, the
bottom and at the four sides of the specimens. The corners of the CFRP wrapped square RC
specimens were rounded to 20 mm radius to increase the confinement effectiveness (ACI
440.2R-17 2017; FIB Bulletin 14 2001). The corners of non-wrapped square RC specimens
were also rounded to 20 mm radius along the height of the specimens to wrap the top and
bottom of the specimens with CFRP in order to prevent premature failure during the test (Hadi,
et al., 2013; Hadi and Youssef, 2016).
Twelve RC specimens were divided into three groups with four specimens in each group.
The first two groups (Groups SN and SI) included eight square RC specimens. The third group
(Group CI) included four circularized square RC specimens. In each group, the first three
specimens were considered as column specimens and tested under concentric, 15 mm eccentric
and 25 mm eccentric axial load. The last specimen of each group was considered as a beam
specimen (column under pure bending condition) and tested under four-point flexural load. The
details of the test specimens are presented in Figure 1.
The specimens of Group SN were non-wrapped specimens, which were used as the
reference specimens. Specimens of Group SI were intermittently wrapped with three layers of
CFRP strips. In order to maximize the confinement effect of the intermittent wrapping, the
CFRP strips were designed to be located in between the steel ties to consider the dual
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confinement generated by CFRP strips and steel ties (Barros and Ferreira, 2008; Triantafyllou,
et al., 2015). The width of the CFRP strips was also chosen to be the same as the clear spacing
based on the available experimental studies on intermittent wrapping (Barros and Ferreira,
2008; Colomb, et al., 2008; Hassan, et al., 2017; Mostofinejad, et al., 2015; Saljoughian and
Mostofinejad, 2016a, 2016b). Accordingly, the width and clear spacing of the CFRP strips for
the specimens of Group SI were 40 mm, which were equal to half of the centre-to-centre
spacing of the steel ties.
The circularized square RC specimens of Group CI were constructed by bonding four
precast concrete segments to the four sides of the square RC specimens to obtain a circular
cross-section. Then the specimens were intermittently wrapped with three layers of CFRP
strips. The width of the CFRP strips used for the specimens of Group CI was 50 mm. It is noted
that for the specimens of Groups SI and CI, one of the CFRP strips was designed to be located
at the mid-height of intermittently CFRP wrapped RC specimens. This was done to prevent the
failure at the mid-height of the specimens, which was observed as the usual failure location of
intermittently FRP wrapped RC columns (Hodhod, et al., 2005; Mostofinejad and Ilia, 2014;
Saljoughian and Mostofinejad, 2016a, 2016b).
The notation of each specimen includes three parts as presented in Table 1. The first part
presents the cross-sectional shape of the specimen. The second part presents the wrapping
scheme of the specimen. The third part presents the loading condition of the specimen. The
first part is either the letter S or C, in which S and C refer to the square and circular crosssection, respectively. The second part is either the letter N or I, in which N and I refer to nonwrapping and intermittent wrapping, respectively. The third part is either the numbers of 0, 15,
25, or the letter B, in which 0, 15, 25, and B refer to concentric axial load, 15 mm eccentric
axial load, 25 mm eccentric axial load and four-point flexural load, respectively.
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2.2. Preparation of specimens
All steel cages were prepared by assembling four N12 longitudinal steel bars with ten R6 plain
steel ties having 80 mm centre-to-centre spacing. To ensure 20 mm concrete clear cover at the
sides and at the top and bottom of the specimens, steel ties with 110 mm x 110 mm outer crosssectional dimension were assembled with the longitudinal reinforcement of 760 mm height.
The plywood formwork was used for casting square RC specimens, whereas the polyvinyl
chloride (PVC) formwork was used for casting concrete segments. Styrofoam with 20 mm
radius was attached at the four corners of the plywood formwork to generate the rounded
corners for the square RC specimens of Groups SN and SI. The PVC formwork for the concrete
segments was fabricated by fixing a styrofoam prism with 800 mm height and 150 mm x 150
mm cross-section inside the PVC pipe. The PVC pipes had 212 inner diameter and 10 mm
thickness. Figure 2 shows the details of the formworks before casting the concrete.
The square RC specimens and the concrete segments were cast from a single batch of
ready-mix normal strength concrete, which was provided by a local concrete supplier. After
one day of casting, the RC specimens and concrete segments were cured by watering them
twice every working day and then covering them with wet hessian rugs and plastic sheets to
keep the specimen moist. The formworks of the square RC specimens and concrete segments
were stripped off on the 14th day after casting. The square RC specimens and concrete segments
were cured until the 28th day after casting then the square RC specimens and concrete segments
were kept at the laboratory in room temperature until the day of testing.
To manufacture the circularized square RC specimens, the square cross-section of RC
specimens was changed to a circular cross-section by bonding four precast concrete segments
to the four flat sides of the square RC specimens. The concrete bonding agent was a mixture
of slow hardener, epoxy resin and silica microsphere with the proportion of 1:5:10 (Hadi, et
al., 2013; Pham, et al., 2013). The concrete segments were bonded into the square RC specimen
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by rubber straps. The rubber straps were attached on the circularized square RC specimens for
at least 7 days to allow the bonding agent to dry. Figure 3 shows the bonding process of
circularized square RC specimens.
The wet layup procedure was applied to wrap the specimens with CFRP. The CFRP
bonding agent was a mixture of slow hardener and epoxy resin with a proportion of 1:5. The
CFRP fibres were oriented in the hoop direction. To ensure a sufficient bonding length, an
overlapping zone of 100 mm length was provided for each CFRP strip.

2.3. Material Properties
The tensile properties of the N12 deformed steel bars and the R6 plain steel bars were
determined by testing three samples with 500 mm length from each type of steel bars, as
specified in AS 1391-2007 (2007). The average yield tensile strengths of N12 deformed steel
bars and R6 plain steel bars were 568 and 517 MPa, respectively. Three standard concrete
cylinders with 100 mm diameter and 200 mm height were tested to determine the compressive
strength of the concrete, as specified in AS 1012.9:2014 (2014). The average compressive
strength of concrete on the 28th day was 36 MPa. The CFRP used to wrap the specimens had
300 g/m2 unit weight and 0.167 mm nominal thickness. To determine the tensile properties of
CFRP, five CFRP coupons with 22.75 mm width and 250 mm length were tested according to
ASTM D3039/D3039M-14 (2008). The average tensile strength, corresponding tensile strain
and modulus of elasticity in tension of CFRP were 3726 MPa, 1.55% and 240.43 GPa,
respectively.

2.4. Test setup and Instrumentation
All the column and beam specimens were tested by the DCTM. Two layers of 100 mm wide
CFRP were used to additionally wrap the top and bottom of the column specimens. This
additional wrapping was implemented to avoid the premature failure due to stress
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concentrations at the top and bottom of the specimens during the test. Also, the surfaces of the
top and bottom of the column specimens were capped with high strength plaster for a uniform
distribution of the applied axial load.
Figure 4 shows the test set up of the column and beam specimens. The axial load generated
by the DCTM was applied on the column specimens through loading heads. Each loading head
consisted of an adaptor plate and a ball joint plate. Two types of adaptor plates were used for
the square specimens and circularized square specimens. The adaptor plate was attached
directly to the surface of the column specimens. For concentrically loaded column specimens,
only the adaptor plate was used. For eccentrically loaded column specimens, both the adaptor
plate and the thick plate were used. Two linear variable differential transducers (LVDTs)
mounted at the two opposite corners of the bottom loading plate of the DCTM were used to
measure the axial deformation of the specimens. The lateral deformation at the mid-height of
the eccentrically loaded specimens was measured by a laser triangulation. A data logger
connected a computer recorded the test data at every two seconds.
The four-point flexural load was applied on the beam specimens through a pair of steel
rigs. The bottom steel rig with a clear span of 700 mm and the top steel rig with a clear span of
233.3 m were placed under and over the beam specimens to generate four-point flexural load.
Accordingly, the beam specimens were tested under a clear span of 700 mm and two shear
spans of 233 mm. A laser triangulation was placed under the bottom rig to measure the midspan
deflection of the beam specimens during the test.
To prevent the movement of the specimens at the beginning of the test, each of the column
and beam specimens was initially preloaded at a rate of 2 kN/s up to approximately 100 kN
(10% of the ultimate axial load) then unloaded at the same rate to 20 kN. Afterwards, the test
was resumed and continued until the failure of the specimens with deformation controlled
loadings at a rate of 0.3 mm/min.
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3. Experimental results and discussions
3.1. Failure modes of test specimens
The failure modes of the specimens tested under concentric axial load and four-point flexural
load are presented in Figure 5. The failure of Specimen SN-0 was due to the spalling of the
concrete cover around the mid-height of the specimen followed by buckling of the longitudinal
steel bars. Specimens SI-0 and CI-0 experienced similar failure modes with cracking of the
concrete cover in the non-wrapped region and the rupture of CFRP strip around the mid-height
of the specimens. Cracking of the concrete cover started at the non-wrapped region around the
mid-height then propagated to the two ends of Specimens SI-0 and CI-0. Similar observations
of cracking of the concrete cover in the non-wrapped region were also reported in previous
research studies (Matthys, Toutanji, Audenaert, & Taerwe, 2005; Saljoughian and
Mostofinejad, 2016b; Zeng, et al., 2017). Afterwards, Specimens SI-0 and CI-0 experienced
the rupture of the CFRP strip around the mid-height of the specimens, which was followed by
crushing of the concrete and buckling of the longitudinal steel bars.
For Specimen SI-0, the rupture of CFRP strip occurred at one of the corners indicating
stress concentrations at the corners of the specimen. The rupture of CFRP strip at one of the
corners of the square specimens was also observed in Saljoughian and Mostofinejad (2016b)
and Triantafyllou, et al. (2015). For Specimen CI-0, the rupture of CFRP strip occurred at
random positions indicating the uniform distribution of the confining pressure. A similar failure
of intermittently FRP wrapped circularized square column was also observed in Zeng, et al.
(2017). It is noted that the concrete segments were still intact with the concrete core of the
circularized square RC specimen after failing, which illustrated a good bonding between the
concrete segments and the square RC specimen. A good bonding was also observed in Pham,
et al. (2013) when the concrete segments were bonded to the square RC specimen using a
similar bonding agent. In contrast, the separation between the concrete segments and the
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concrete column (column without steel reinforcement) due to the incompatibility between these
two parts was observed in Zeng, et al. (2017).
For eccentrically loaded specimens, Specimens SN-15 and SN-25 failed due to the
crushing and spalling of the concrete cover in the non-wrapped region on the compression side
at the mid-height and below the mid-height of the specimens. The buckling of longitudinal
steel bars on the compression side and the transverse cracking of the concrete on the tension
side was observed in Specimens SN-15 and SN-25. The failure of the specimens of Groups SI
and CI under 15 mm and 25 mm eccentric axial load was similar. The failure of Specimens SI15, SI-25, CI-15 and CI-25 started with the cracking of the concrete cover in the non-wrapped
region on the compression side at the mid-height and was governed by the rupture of the CFRP
strip on the compression side at the mid-height of the specimens. The rupture of CFRP strip of
Specimen SI-15 occurred at one of the corners, which was consistent with the observation in
previous studies (Hassan, et al., 2017; Saljoughian and Mostofinejad, 2016b). Whereas, the
rupture of the CFRP strip of Specimens CI-15 and CI-25 occurred at random positions. For
Specimen SI-25, no rupture of CFRP strip was observed.
The failure of Specimens SN-F, SI-F and CI-F started with hairline vertical cracks at the
midspan on the tension side due to flexural stress. Then, multiple hairline vertical cracks
occurred between the two loading points for Specimen SN-F. For Specimens SI-F and CI-F,
the multiple hairline vertical cracks occurred in the non-wrapped region between the two
loading points. The hairline vertical cracks were then opened widely and propagated from the
tension side to the compression side of the specimens. The failure of Specimens SN-F, SI-F
and CI-F was finally governed by the rupture of tensile longitudinal steel bars, which was
accompanied by an explosive sound.
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3.2. Load-deformation behaviour
The ductility (𝜇) of the test specimens was calculated as the ratio of the ultimate deformation
to the yield deformation (Hadi, et al., 2017). The ultimate deformation of the specimens was
considered the deformation in the descending part of the load-deformation response, which
corresponded to 85% of the ultimate load (Hadi, et al., 2017). The yield deformation of the
specimens was considered the deformation corresponding to the intersection point between two
straight lines (Foster and Attard, 1997; Hadi, et al., 2017). The first straight line was drawn
from the origin to the point in the linear ascending part of the load-deformation response
presenting 0.75 times the first peak load. The second straight line, which was a horizontal line,
passed through the first peak load of the load-deformation response. The experimental results
of the test specimens are presented in Table 2 and Table 3.
As can be seen in Figure 6, the axial load-axial deformation responses of Specimens SN0 and SI-0 revealed similar linear ascending responses until the ultimate axial load of Specimen
SN-0. The similar linear ascending responses of Specimens SN-0 and SI-0 revealed a similar
stiffness of the specimens, which represented the behaviour of non-confined concrete (Fam and
Rizkalla, 2001; Teng and Lam, 2004). The gradient of the linear ascending response of
Specimen CI-0 was higher than the gradient of the linear ascending responses of Specimens
SN-0 and SI-0, which indicated a higher stiffness of Specimen CI-0 compared to Specimens
SN-0 and SI-0. The stiffness of Specimen CI-0 was higher than the stiffness of Specimens SN0 and SI-0, which was because of a higher cross-sectional area of Specimen CI-0 compared to
Specimens SN-0 and SI-0. The axial load-axial deformation responses of Specimens SI-0 and
CI-0 showed a bi-linear response with the second ascending response after the first linear
ascending response. The second ascending axial load-axial deformation responses of
Specimens SI-0 and CI-0 indicated the confinement effect of the CFRP wrapping on the
behaviour of the specimens after the cracking of concrete. Unlike Specimens SI-0 and CI-0,
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the axial load-axial deformation response of Specimen SN-0 showed a descending response
after the first linear ascending response due to the spalling of the concrete cover.
The axial load-axial deformation responses of Specimens SI-0 and CI-0 exhibited two peak
axial loads due to a slight decrease of the axial load after the first peak axial load. The decrease
of the axial load was due to the cracking of the concrete cover in the non-wrapped region. The
decrease of the axial load of Specimen SI-0 after the first peak axial load was consistent with
the observations in Saljoughian and Mostofinejad (2016a). After experiencing a slight decrease
of the axial load, Specimen SI-0 experienced a slight increase of the axial load, whereas
Specimen CI-0 experienced a significant increase of the axial load. The increase of the axial
load to the second peak axial load of Specimens SI-0 and CI-0 revealed that the gain in the
axial load due to CFRP confinement was higher than the degradation of the axial load due to
the cracking of the concrete cover in the non-wrapped region. The slope of the axial load-axial
deformation response of Specimen CI-0 after the first peak axial load was steeper than that of
Specimen SI-0. This indicated the effectiveness of the circularization with a uniform
distribution of the confining pressure on Specimen CI-0 instead of non-uniform distribution of
the confining pressure on Specimen SI-0.
The highest ultimate axial load was attained by Specimen CI-0 (2268.5 kN), followed by
Specimen SI-0 (1204.4 kN) and Specimen SN-0 (993.5 kN). With the same wrapping scheme
and number of layers of CFRP for Specimens SI-0 and CI-0, the increase in the ultimate axial
load of Specimen CI relative to Specimen SI-0 was 88.4%. The higher ultimate axial load of
Specimen CI-0 compared to Specimen SI-0 indicated the effectiveness of the circularization in
improving the confinement effect of intermittent wrapping. The increase in the ultimate axial
load of Specimen SI-0 relative to Specimen SN-0 was 21.2%. The higher ultimate axial load
of Specimens CI-0 and SI-0 compared to Specimen SN-0 indicated the effectiveness of CFRP
wrapping in improving the load-carrying capacity of the column specimens. As can be seen in
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Table 2, the ductility of the square RC specimens was significantly increased by wrapping with
CFRP. The increase in the ductility of Specimens CI-0 and SI-0 relative to Specimen SN-0 was
253.1% and 367.6%, respectively.
Figures 7 and 8 show the axial load-axial deformation and axial load-lateral deformation
responses of the specimens under 15 mm and 25 mm eccentric axial load, respectively.
Generally, the axial load-axial deformation and axial load-lateral deformation responses of the
eccentrically loaded specimens exhibited one peak axial load with the descending axial loadaxial deformation and the axial load-lateral deformation responses after the peak axial load.
Similar axial load-axial deformation and axial load-lateral deformation responses of
intermittently CFRP wrapped square RC specimens under eccentric axial load were observed
in Saljoughian and Mostofinejad (2016a, 2016b). The descending axial load-axial deformation
and axial load-lateral deformation responses of eccentrically loaded specimens relative to the
ascending axial load-axial deformation responses of concentrically loaded specimens indicated
the reduction of the level of confinement effect of the FRP wrapping due to the increase of the
eccentricity. The decrease of the axial load of eccentrically loaded specimens was due to the
crushing or spalling of concrete cover in the non-wrapped region on the compression side of
the specimens. Under the same axial load eccentricity, the slopes of the first ascending axial
load-axial deformation and axial load-lateral deformation responses of Specimens SN and SI
were similar. The slopes of the first ascending axial load-axial deformation and axial loadlateral deformation responses of Specimen CI were steeper compared to those of Specimens
SN and SI for the same axial load eccentricity.
Under 15 mm eccentric axial load, Specimen CI-15 attained the highest ultimate axial load
(1667.9 kN), followed by Specimens SI-15 (905.1 kN) and SN-15 (731.8 kN). The increase in
the ultimate axial load of Specimen CI-15 relative to Specimen SI-15 was 84.3%, although a
similar amount of CFRP was used for both Specimens CI-15 and SI-15. The increase in the
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ultimate axial load of Specimen SI-15 relative to Specimen SN-15 was 23.7%. The increase in
the ductility of Specimens CI-15 and SI-15 compared to Specimen SN-15 was 138.5% and
85.6%, respectively. Under 25 mm eccentric axial load, the highest ultimate axial load was
obtained by Specimen CI-25 (1487.5 kN), followed by Specimens SI-25 (742.8 kN) and SN25 (630.2 kN). The increase in the ultimate axial load of Specimen CI-25 relative to Specimen
SI-25 was 100.3%. The increase in the ultimate axial load of Specimen SI-25 relative to
Specimen SN-25 was 17.9%. The increase in the ductility of Specimens CI-25 and SI-25
compared to Specimen SN-25 was 330.1% and 96.2%, respectively.
The flexural load-midspan deflections responses of the specimens tested under four-point
flexural load are shown in Figure 9. The flexural load-midspan deflection responses of
Specimens CI-F and SI-F showed two peak flexural loads with an ascending response after the
first peak flexural load. However, the flexural load-midspan deflection response of Specimen
SN-F showed one peak flexural load with a descending response after the first peak flexural
load. The ascending response after the first peak flexural load of the flexural load-midpsan
deflection responses of Specimens CI-F and SI-F could be due to the confinement effect of
CFRP in the compressive concrete of the specimens. A similar ascending flexural load-midspan
deflection response after the first peak of CFRP wrapped circularized square RC specimen was
also observed in previous studies (Hadi, et al., 2017; Hadi, et al., 2013).
As shown in Table 3, Specimen CI-F attained the highest ultimate flexural load (218.1
kN), followed by Specimens SI-F (160.4 kN) and SN-F (126.1 kN). The increase in the ultimate
flexural load of Specimen CI-F compared to Specimens SI-F and SN-F was 36.3% and 73%,
respectively. The ultimate flexural load of Specimen SI-F was 26.9% higher than that of
Specimen SN-F. In contrast to the specimens tested under concentric and eccentric axial loads,
the ductility of Specimens CI-F and SI-F was lower than the ductility of Specimen SN-F. The
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ductility of Specimens CI-F and SI-F was 20.8% and 37.3% lower than the ductility of
Specimen SN-F, respectively.

3.3. Axial stress-axial deformation behaviour
As shown in Table 2, the ultimate axial load of the square RC specimens was significantly
increased by the circularization of the square cross-section before wrapping with CFRP. The
highest ultimate axial load achieved by the specimens of Group CI was predominantly due to
the higher cross-sectional area and higher confinement effect. To exclude the contribution of
the cross-sectional area in the ultimate axial load and to evaluate the increase in the
confinement effect due to the circularization, the axial stress-axial deformation responses of
the specimens tested under concentric axial load was plotted.
As shown in Figure 10, the first linear ascending axial stress-axial deformation responses
of Specimens SN-0, SI-0 and CI-0 were similar before the cracking of concrete cover, which
illustrated similar stiffness of the specimens. The axial stress of Specimen SN-0 suddenly
dropped after the ultimate axial stress due to the spalling of concrete cover. The axial stresses
of both Specimens SI-0 and CI-0 slightly decreased after the yield axial stress due to the
cracking of the concrete cover in the non-wrapped region. The slope of the axial stress-axial
deformation response of Specimen CI-0 after the yield was steeper than the slope of the axial
stress-axial deformation response of Specimen SI-0 after the yield. This indicated that the level
of confinement effect due to CFRP wrapping on Specimen CI-0 was higher than that on
Specimen SI-0. Consequently, the ultimate axial stress of Specimen CI-0 was higher than the
ultimate axial stress of Specimen SI-0. The higher ultimate axial stress of intermittently CFRP
wrapped circularized square specimen compared to intermittently CFRP wrapped square
specimen was consistent with the observation in Zeng, et al. (2017). The ultimate axial stresses
of Specimens CI-0 (64.2 MPa) and SI-0 (54.4 MPa) were 31.6% and 11.5%, respectively higher
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than the ultimate axial stress of Specimen SN-0 (48.8 MPa). The increase in the ultimate axial
stress of Specimen CI-0 relative to Specimen SI-0 was 9.8%.

3.4. Experimental axial load and bending moment interaction diagrams
The experimental axial load-bending moment interaction (P-M) diagrams of the test specimens
were constructed based on four points. Each point of the P-M diagrams consists of the ultimate
axial load and corresponding bending moment. The first point represents the capacity of
concentrically loaded specimens. The second and third points represent the capacity of the 15
mm and 25 mm eccentrically loaded specimens, respectively. The fourth point represents the
capacity of the specimens tested under four-point flexural load. The experimental bending
moment (𝑀𝑢 ) at the mid-height of eccentrically loaded specimens was calculated using Eq. 1.
𝑀𝑢 = 𝑃𝑢 (𝑒 + 𝛿)

(1)

where 𝑃𝑢 is the ultimate axial load, 𝑒 is the axial load eccentricity and 𝛿 is the lateral
deformation at the mid-height of column specimens corresponding to the ultimate axial load.
The experimental bending moment (𝑀𝑢 ) at the midspan of beam specimens was calculated
using Eq. 2.
1
𝑀𝑢 = 𝑃𝑢 𝐿
6

(2)

where 𝑃𝑢 is the ultimate flexural load and 𝐿 is the distance between the two supports of the
beam specimens. For this study, 𝐿 is 700 mm.
As can be seen in Figure 11, under all loading conditions, the highest ultimate axial load
and bending moment were achieved by the specimens of Group CI. The specimens of Group
SI attained higher ultimate axial load than the specimens of Group SN under concentric, 15
mm eccentric and 25 mm eccentric axial load. The bending moment of the specimens of Group
CI was 136.3%, 102.7% and 35.8% higher than the bending moment of the specimens of Group
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SI under 15 mm eccentric load, 25 mm eccentric axial load and four-point flexural load,
respectively. The bending moment of the specimens of Group SI was 31.3%, 27.7% and 27.2%
higher than the bending moment of the specimens of Group SN under 15 mm eccentric load,
25 mm eccentric axial load and four-point flexural load, respectively. It is clear that the
circularization of the square RC specimens before wrapping with CFRP improved significantly
the ultimate axial load and bending moment of the square RC specimens.

4. Conclusions
Based on the test results from twelve RC specimens, the following conclusions are drawn:
1. Intermittent wrapping with CFRP significantly increased the strength and ductility of
square RC specimens under different loading conditions.
2. For intermittent wrapping, the circularization of square RC specimens significantly
increased the ultimate axial load and ductility of the square RC specimens. The increase
in the strength of the specimens of Group CI relative to the specimens of Group SI was
88.4%, 84.3%, 100.2% and 36.3% under concentric axial load, 15 mm eccentric axial
load, 25 mm eccentric axial load and four-point flexural load, respectively. Although
the ductility of the specimens of Group CI was lower than the ductility of the specimens
of Group SI under concentric axial load, the ductility of the specimens of Group CI was
39.2%, 136% and 26.3% higher under 15 mm eccentric axial load, 25 mm eccentric
axial load and four-point flexural load, respectively.
3. Intermittently CFRP wrapped circularized square RC specimens obtained the highest
bending moment capacity under all loading conditions, which were followed by
intermittently CFRP wrapped square RC specimens and non-wrapped square RC
specimens.
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Table 1: Configuration of test specimens
Group

Specimen

Longitudinal
reinforcement

Transverse
reinforcement

Type of
wrapping

Clear spacing of
CFRP strips (mm)

Amount of CFRP
used* (mm2)

SN-0
SN

SI

CI

SN-15
SN-25

Eccentricity
(mm)
0

4N12

R6@80

None

-

0

15
25

SN-F

Flexural

SI-0

0

SI-15
SI-25

4N12

R6@80

Intermittent
(width = 40 mm)

40

862,560

15
25

SI-F

Flexural

CI-0

0

CI-15
CI-25

4N12

R6@80

Intermittent
(width = 50 mm)

CI-F

50

1,049,650

15
25
Flexural

* Amount of CFRP used per specimen = (length) x (width) x (number of layers)
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Table 2: Experimental results of the concentrically and eccentrically loaded specimens
Yield axial load,
Py (kN)

Axial
deformation
at Py (mm)

Ultimate axial
load, Pult (kN)

Axial
deformation
at Pult (mm)

Lateral
deformation
at Pult (mm)

Ultimate
deformation
(mm)

Ductility
λ

902.0

2.2

993.5

2.8

-

3.2

1.5

987.0

2.5

1204.4

14.9

-

17.0

6.8

CI-0

1535.6

2.4

2268.5

11.2

-

12.2

5.1

SN-15

687.0

1.9

731.8

2.2

2.5

2.4

1.3

836.0

2.2

905.1

2.9

3.6

5.1

2.3

CI-15

1432.1

2.6

1667.9

6.2

8.8

8.0

3.1

SN-25

595.4

1.9

630.2

2.2

2.5

2.5

1.3

684.0

2.3

742.8

3.1

4.7

6.0

2.6

1303.2

2.9

1487.5

5.09

8.8

16.1

5.6

Specimen

Eccentricity

SN-0
SI-0

SI-15

SI-25
CI-25

0

15

25
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Table 3: Experimental results of the specimens tested under four-point flexural load

Specimen

Yield load,
Py (kN)

Midspan
deflection
at Py (mm)

Ultimate
load, Pult
(kN)

Midspan
deflection
at Pult (mm)

Ultimate
deflection
(mm)

Ductility
λ

SN-F

111.1

3.5

126.1

6.11

56.4

16.1

SI-F

126.0

4.1

160.4

32.7

41.4

10.1

CI-F

147.7

2.9

218.1

27.9

37.0

12.8
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Table 4: Experimental axial load and bending moment interactions of the test specimens
Group

SN

SI

CI

Specimen

Ultimate load
(kN)

Lateral deformation at
ultimate axial load (mm)

Maximum bending moment
(kN.m)

SN-0

993.5

0

0

SN-15

731.8

2.5

12.8

SN-25

630.2

2.5

17.3

SN-F

126.1

6.1

14.7

SI-0

1204.4

0

0

SI-15

905.1

3.6

16.8

SI-25

742.8

4.7

22.1

SI-F

160.4

32.7

18.7

CI-0

2268.5

0

0

CI-15

1667.9

8.8

39.7

CI-25

1487.5

8.8

44.8

CI-F

218.1

27.9

25.4
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GROUP SN
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Figure 1: Details of the test specimens (All dimensions are in mm)
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Figure 2: Details of formworks: (a) formwork of square RC specimens, (b) formwork
of concrete segments and (c) top view of the formwork of concrete segments
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Figure 3: The bonding process of circularized square RC specimens: (a) square RC specimen, (b) concrete segments in formwork,
(c) concrete segments, (d) materials used as concrete bonding agent and (e) circularized square RC specimen
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Figure 4: Test setup: (a) test setup of the column specimens, (b) loading head of square
column specimens, (c) loading head of circular column specimens and (d) test setup of
the beam specimens
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Figure 5: Failure modes of specimens: (a) Specimens tested under concentric axial load and (b) specimens tested under four-point flexural
load
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Figure 6: Axial load-axial deformation responses of the specimens tested under concentric axial load

Page 36 of 41

20

2000
CI-15

CI-15

Axial load (kN)

1500

1000

SI-15
500

SI-15

SN-15

SN-15
0
-35

-30

-25

-20
-15
Lateral deformation (mm)

-10

-5

0

5
10
15
Axial deformation (mm)

Figure 7: Axial load-axial deformation and axial load-lateral deformation responses of specimens tested under 15 mm eccentric axial load
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Figure 8: Axial load-axial deformation and axial load-lateral deformation responses of specimens tested under 25 mm eccentric axial load
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Figure 9: Flexural load-midspan deflection responses of specimens tested under four-point flexural load
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Figure 10: Axial stress-axial deformation responses of specimens tested under concentric axial load
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Figure 11: Experimental axial load-bending moment interaction diagrams
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